A mutant of E s c k c h i a coZi waa isolated which showed a requirement for methionine + lysine when a fairly large inoculum of washed organisms was used. Cystathionine or homocysteine replaced methionine, and diaminopimelic acid replaced lysine; no other amino acid or growth factor was active. The amounts of the amino acids required to promote growth were only about one-tenth of the quantity of methionine and lysine found in the grown organisms. A quantitative study with lV-glucose and 85S-sulphate confirmed that these amino acids were synthesized de novo. Although homoserine would not replace methionine for growth, the presence of unlabelled homoserine suppressed the incorporation of isotope from 14C-glucose into methionine and threonine, indicating that the accepted pathways are operative and that the block in methionine synthesis was in the formation of cystathionine. Small amounts of yeast extract replaced the amino acid requirement and decreased one-thousandfold the size of the inoculum required.
INTRODUCTION
Several reports suggest a relationship between the biosyntheses of methionine and lysine by bacteria. Davis (1952 a, 1953) described mutants of Escherichia coli which, in the presence of traces of aspartic acid, showed an absolute requirement for p-hydroxybenzoic acid, which was satisfied by lysine +methionhe, and it was suggested that p-hydroxybenzoic acid might therefore function in the synthesis of both these amino acids. Work a t 420 mp on the Unicam spectrophotometer Model SPSOO; the organisms were washed twice with sterile de-ionized water and resuspended to a concentration corresponding to an absorption reading of 0.20 (about 7 x lo7 organisms/ml.). The short wavelength was chosen to permit accurate measurc?ment of the relatively dilute suspensions used.
Growth tests. Growth tests were made in 'minimal medium C' containing 0-2% (w/v) glucose (Roberts et al. 1955 ). The test medium was dispensed in 6 in. x 2 in.
test tubes to give 4.0 ml. final volume and autoclaved at 115' for 7 min. Amino acid supplements (sterile solutions) and the inoculum (lo%, vlv) were added after autoclaving. Tests, in duplicate, were incubated for 24 hr. at 87' and the growth response recorded either qualitatively or by optical density measurement. The organisms in each tube were tested for viability and reversion by streaking a loopful on to minimal medium agar and papain digest agar and incubating for 24 hr. at 87'. Reversions were always to the prototroph, indicating that the double requirement was due to a single genetic block. For tests on solid medium, plates were prepared from a minimal medium containing washed agar (2 yo, w/v) and inoculated with a 5 % (v/v) inoculum of the standard suspension described above. Chromatography. Cell hydrolysates labelled with 85s were subjected to twodimensional paper chromatography without further treatment. Cell hydrolysates labelled with 14C were fractionated in ion exchange columns into the basic amino acid fraction and the neutral +acidic amino acid fraction (Thompson, Morris & Gering, 1959) . The fractions were concentrated in vacuo and the amino-N content of each determined. Ammonia, which interferes with this determination, was removed by the addition of borate buffer in methanol to each sample for assay, which was then dried over P200 (Connell, Dixon & Hanes, 1955) .
Cell hydrolysates labelled with 8% and containing 1OOpg. amino-N, and the 1°C-labelled neutral +acidic amino acid fraction containing 70 pg. amino-N, were applied to whatman no. 1 paper (27 in. x 23 in,), and methionine converted to the sulphoxide by the peroxide oxidation method of , except that 4 drops of 30% (w/v) hydrogen peroxide were used in a 4 in. watchglass and the paper exposed for 40 min. Two-dimensional descending paper chromatography was then used with n-butanol +glacial acetic acid + de-ionized water (60 + 15 + 25, by vol.) as the first solvent run across the grain, and phenol + deionized water ($+1, vlv) as the second solvent (Smith, 1958) . The leading edge of the paper for the run in the first dimension was cut to form 1 cm, serrations and the solvent run for 48-64 hr. The second solvent was run until it almost reached the edge (24-30 hr.). For the separation of lysine, 0.2 ml. of the W-basic fraction containing 6-7 pg. amino-N was applied as a strip 5 cm. long along the base line of Whatman no. 1 paper (18 in. x 9 in. with the leading edge serrated), and this was then developed along the grain in n-butanol + pyridine + de-ionized water (1 + 1 + 1, by vol.) for 58-72 hr. (Morrison, 1958) .
Assay of methimine and lysine eluted from chromatogram. The exact position of the amino acids on the chromatograms was defined by radioautography or by using detection ninhydrin spray (Connell et d. 1955) . The located spots and an adjacent equal area free from amino acids were cut out and suspended from nichrome hooks in a vacuum desiccator. The papers were flooded with O-28ml. borate buffer in methanol (Come11 et al. 1955 ) and dried over P,O, in vacua, thus removing ammonia. The dried papers were cut into 0.5 cm. squares and eluted with 1.0 ml. de-ionized water. Standard quantities of lysine and methionine were chromatographed and eluted in the same way. The amino acid content of the eluates was then determined by the method of Moore & Stein (1954) .
Measurement of radioactivity. Samples of amino acid eluates described above were transferred quantitatively to 2 cm.* brass plmchets for radioactivity counts at infinite thinness. The planchets were prepared with a five degree inward slope on the floor of the well to offset surface tension effects at the periphery during drying.
The sample (0-1 ml.) was carefully mixed on the planchet with 5 drops of an ethanolic suspension of purified asbestos powder as absorbent (Francis, Mdligan & Wormall, 1954) and dried in vacuo over P,O,. The dried samples were counted with a thin mica end-window Geiger-Muller tube and Ekco scaler Type no. 529A. Under these conditions a l4C-source of activity 2.5 x 10-8 pc. produced 610 counts/min. .t 1.5 yo.
Count rates of replicate planchets agreed within 5 %. Counts of duplicate planchets were taken for 10 min.
RESULTS

Growth repolzses on solid medium
Medium C agar seeded with a 6% (v/v) inoculum of the standard washed suspension described in Methods produced the best demonstration of the double requirement for lysine+methionine and was used for all growth tests in solid medium. A typical response after using this inocdum and incubating for 24 hr.
at 87" is shown in PI. 1, fig. 1 . A smaller inoculum required prolonged incubation to demonstrate the response, whilst a larger inoculum produced too much background growth. In the presence of lysine the mutant responded to methionine, homocysteine, cystathionine ; there was no response to homoserine, homoserine + cystine, threonine, DL-a-aminobutyric acid, L-djenkolic acid or aspartic acid. In the presence of methionine the mutant responded to lysine and to diaminopimelic acid, but there was no response to lanthionine or to DL-allo-$-(OH)-lysine.
There was no response by the mutant in minimal medium to p-aminobensoic acid, p-hydroxybenzoic acid, ascorbic acid, biotin, folic acid, glutathione, D-pantothenic acid, pyridoxine, pyridoxal hydrochloride, nicotinic acid, thiamine hydrochloride or cobalamin. Yeast extract produced a good response when a 0.1 yo (wlv) solution was applied in a 'fish-spine' bead.
Growth r e q o m e s in liquid medium
The density of the inoculum had a marked effect on the type of growth response obtained in liquid medium (Table 1) . With a heavy inoculum, growth occurred with lysine or methionine or both together, and sometimes in the absence of these supplements; with a dilute inoculum no growth occurred even in the presence of both amino acids. A 115 or 1/10 dilution of the standard washed suspension showed the double requirement. When, however, the sole supplement was Difco yeast extract (0*2mg./ml.) p w t h occurred even with high dilutions of the inoculum, Acid hydrolysis did not destroy the activity of yeast extract. 
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Determination of the minimum amounts of lysine and methionine required to produce growth with a 1/5 dilution of standard suspension as inoculum showed that only trace amounts were required (about ~W M )
but the results became erratic in the vicinity of the 'end-point' ( Table 2 ). An 'all or none' phenomenon was observed, there being either full growth or a faint trace of growth; intermediate amounts of growth were never observed. Similar results were obtained when diaminopimelic acid replaced lysine except that the requirement for diaminopimelic acid was higher than that for lysine.
Quarttitative investigation of amino acid synthesis by wing 14C-label
Cell hydrolysates labelled with 14C were prepared from the parent strain Escherichia COG 518 and from the mutant E. coli 15, and fractionated as described under Methods. The observation that homoserine did not replace methionine in growth tests suggested an isotopic competition experiment (Abelson, 1954) in which homoserine (0.1 mg./ml.) was included in the culture medium of the mutant. The total yields of amino acids and recoveries from the fractionation procedure for the three hydrolysates are given in Table 8 . The,wild-type culture produced somewhat better growth than the mutant cultures; after hydrolysis of the organisms, and subsequent ion-exchange treatment, ninhydrin assays of the basic amino acid fractions and of the neutral+acidic amino acid fractions showed that 95-97% of the amino-N originally present was recovered. minimal lysine+rnethionine) was similar to that of the wild-type, but differed markedly when homoserine was included in the p w t h medium, there being then a considerable decrease of radioactivity in methionine and threonine. Quantitative elution of methionine and threonine from the chromatogram followed by radioactive counts established this isotopic competition effect ( Table 4 ). The addition of homoserine to the growth medium decreased the 14C-label in methionine by 56% and in threonine by 76 %. The decrease was less in the case of methionine because of the Amino-N in eluates of WS-methionine (sulphoxide, contribution of 1*C from cysteine and the /?-carbon of serine. Lysine was examined for amino-N content and radioactivity from one-dimensional chromatograms of the basic amino acid fractions. Again it was found that the mutant and the wildtype organisms produced similar amounts of l%!-lysine, but no isotopic competition with homoserine was observed (Table 41) .
Quantitative investigation of amino acid synthesis by using 85S-label Hydrolysates of Escherichia coli 518 and E. coli 15 labelled with a5S supplied as sft3-sulphate were prepared, and the amino acids separated by two-dimensional paper chromatography. Because of the comparatively high specific activity of V+methionine, sufficient material was available in the eluate from each chromatogram to permit measurement of both radioactivity and amino-N; the radioactivity of SsS-cysteine was also measured. The results confirmed that the sulphur amino acid patterns of the mutant (grown in minimal lysine +methionhe) and of the wildtype organisms were similar ( Table 5) .
DISCUSSION
Growth tests on solid medium showed a clear-cut response by Escherichia coli 15 to methionine+lysine, and one would therefore expect that the mutant had lost the ability to synthesize these amino acids. Replacement studies indicated that the methionine pathway was blocked at the condensation of homoserine and cysteine to form cystathionine and that the block in lysine biosynthesis occurred somewhere between aspartic acid and diaminopimelie acid, Quantitative studies of the growth of the organism in liquid medium, however, revealed that the situation was complex and that methionine and lysine produced growth in an indirect manner. This is illustrated by the following facts. First, the growth response to methionine+ lysine was obtained only with a large inoculum (lo6 organisms/ml.) irrespective of whether substrate amounts ( 1 0 -3~) or trace amounts ( l O -s~) of the amino acids were used. Secondly, when yeast extract (0.2 mg./ml.) was the only supplement, the large inoculum was no longer required, a fact which indicated that the growth was not solely due to traces of methionine and lysine which may have been present in the yeast extract. Thirdly, the isotopic evidence showed that methionine and lysine were synthesized de nozto by the mutant when trigger amounts of supplements were used with an inoculum of lo6 organisms/ml. The pronounced isotopic competition effect of unlabelled homoserine on the labelling of methionine and threonine indicated that these amino acids were synthesized by the accepted pathways (Fig. 1) . The amounts of methionine and lysine found in the cell hydrolysates are in accord with those reported by other investigators (Roberts et al. 1955 ; Anderson et al. 1958) . As methionine and lysine are stable metabolic end-products in E. coli {Abelson et al. 1958; Siddiqi, Kozloff, Putnarn & Evans, 1952) , it follows that there was a true net synthesis and that exogenous methionhe and lysine were incorporated unchanged.
It follows from these results that methionine and lysine in the medium were not functioning simply as cellular building materials but rather that they supplied a mechanism to overcome a metabolic block. The large inoculum required suggests that the organisms supplied a necessary component in this system. This requirement was spared by the incorporation of 0.2 mg./ml. yeast extract in the medium. The active principle in yeast extract does not appear to be an enzyme or a peptide, as its effect was unimpaired when tested subsequent to acid hydrolysis. If enzyme induction or repression is involved in the above system, then lysine and methionine se would not appear to participate, because edsentially identical growth responses occurred when these supplements were present from 1 0 -3~ to less than 1 0 -6~.
Although the available data do not provide an explanation of all the observed effects, they do suggest that a common link exists in the biosynthetic pathways leading to methionine and lysine. Such a link does not appear to be a common intermediate in view of the separation of the block in the methionine pathway from that of the lysine pathway. It is postulated that the link is a cofactor common to both pathways, The observation that the mutant did not respond to substrate amounts of lysine+methionine at less than 106 organisms/ml. may mean that the cofactor participated also in some other undefined aspect of growth. It is hoped that a study of the growth components of the inoculum and of yeast extract will confirm the existence of a common link or cofactor and reveal both the nature of the metabolic block in E s c k c h i a coli 15 and the mechanism developed to overcome this block. Abbreviations: LEU = leucine; I-LEU = isoleucine; P-ALA = phenylalsnine; VAL = valine; PRO = probe; TYR = tyrosine; ALA = slanine; THR = threonine; GLU = glutrtmic acid, MET0 = methionhe sulphoxide ; METO, = methionine sulphone ; GLY 3 : glycine; SIZR = Serine; ASP = aspartic acid; DAP = diaminopimelic acid; CYS = cystine. 
